The presence of gap junctions between rods in mammalian retina suggests a role for rod-rod coupling in human vision. Rod coupling is known to reduce response variability, but because junctional conductances are not known, the downstream effects on visual performance are uncertain. Here we assessed rod coupling in guinea pig retina by measuring: (1) the variability in responses to dim flashes, (2) Neurobiotin tracer coupling, and (3) junctional conductances. Results were consolidated into an electrical network model and a model of human psychophysical detection. Guinea pig rods form tracer pools of 1 to ϳ20 rods, with junctional conductances averaging ϳ350 pS. We calculate that coupling will reduce human dark-adapted sensitivity ϳ10% by impairing the noise filtering of the synapse between rods and rod bipolar cells. However, coupling also mitigates synaptic saturation and is thus calculated to improve sensitivity when stimuli are spatially restricted or are superimposed over background illumination.
Introduction
Gap junctions are direct intercellular channels that allow electrical current and small molecules to pass between coupled cells. Rod photoreceptors of cold-blooded vertebrates are electrically coupled to one another (Fain, 1975; Zhang and Wu, 2005) through gap junctions located between adjacent rod inner segments (Custer, 1973; Zhang and Wu, 2004) . In mammals, rodrod gap junctions have been observed primarily in the outer plexiform layer, between rod spherules and between spherules and passing rod axons (Raviola and Gilula, 1973; Tsukamoto et al., 2001) . Apparent gap junctions have also been reported between rod inner segments in macaque and human retina (Uga et al., 1970; Cohen, 1989) .
In macaque retina, rod coupling was demonstrated by the spread of Neurobiotin within discrete pools of neighboring rods and by the reduction in rod response variability due to signal averaging within the coupled network (Hornstein et al., 2005) . Although this effect of coupling on response variability in rods is well established (Fain, 1975; Attwell et al., 1984) , downstream effects on visual performance are not well understood. Based on electrical measurements of rod light responses in macaque retina, Hornstein et al. (2005) calculated that rod-rod coupling elevates human psychophysical thresholds by as much as 62% for detection of diffuse stimuli, but also lowers thresholds for detection of very small spots of light. However, lacking direct measurements of junctional conductances between rods, those calculations relied on the simplifying assumption that small local groups of rods are coupled through infinite conductance.
Here we present results from guinea pig retina, including the first direct measurements of rod-rod junctional conductance in a mammalian retina. We incorporated these results into an electrical circuit model of the rod network and reexamined the effects of coupling on human visual detection, replacing the assumption of "perfect" coupling (i.e., rods coupled via infinite conductance) with our directly measured conductances. The updated model clarifies the impact of rod coupling on the psychophysical tradeoffs governing mammalian night vision.
Materials and Methods
Retinal preparation. Recordings were made from rod photoreceptors in isolated retinal preparations from 4-to 30-week-old pigmented guinea pigs, Cavia porcellus, of either sex. Guinea pigs were housed and cared for according to guidelines established by the National Institutes of Health. All procedures were approved by the University of California San Francisco Committee on Animal Research, which has approved assurance from the Office of Protection from Research Risks at the National Institutes of Health.
Guinea pigs were typically dark adapted for 1 h and all subsequent procedures were performed in darkness with infrared imaging. Following euthanasia and enucleation, the eye was hemisected anterior to the ora serrata, the vitreous was removed, and the eyecup was placed in 36°C bicarbonate-buffered Ames medium (Sigma) equilibrated with 95% O 2 /5% CO 2 . If a guinea pig had not been dark adapted before euthanasia, the eyecup was dark adapted for at least 1 h before recording. A 6 ϫ 6 mm piece of retina was isolated and mounted photoreceptor side up in the recording chamber on a coverslip coated with poly-L-lysine (2 mg/ml, 150 -300 kDa, Sigma).
Photoreceptors were visualized with infrared differential interference contrast (DIC) microscopy. To give recording electrodes clean access to photoreceptor plasma membranes, the retina was incubated for 3-15 min in Ames solution containing the following enzymes (in U/ml): 80 collagenase, 300 hyaluronidase, 500 deoxyribonuclease, and 0.2 chondroitin ABC lyase. The enzymes collagenase CLSPA, hyaluronidase HSEP, and deoxyribonuclease I DPFF were obtained from Worthington Biochemical. Chondroitin ABC lyase 190334 was obtained from ICN Biochemicals. In some cases, the enzyme treatment was simplified to a 3-5 min incubation in 2500 U/ml Deoxyribonuclease 1 (Sigma). After enzyme treatment, the retina was superfused with bicarbonate-buffered Ames medium maintained at 36°C.
A single female macaque monkey, Macaca mulatta, was used for characterizing voltage-dependent properties of primate rods. The retinal preparation was made as described previously (Hornstein et al., 2005) , and subsequent methods were identical to those described below for guinea pig.
Electrical recording and light stimulation. Rod membrane voltages and currents were recorded with patch electrodes (Schneeweis and Schnapf, 1995) . The standard electrode solution contained (in mM): 130 K-gluconate, 10 KCl, 4 MgCl 2 , 10 HEPES, 3 ATP-Na 2 , 1 GTP-Na 3 , titrated to pH 7.25 with KOH. When loading cells with Neurobiotin or measuring junctional conductance with paired recordings, rods were recorded in whole-cell mode; otherwise, perforated patch recordings were made. For perforated recordings 0.12 mM amphotericin B (Sigma) was added to the standard electrode solution.
Electrical signals were recorded with an Axopatch 1D amplifier (Molecular Devices). Signals were low-pass filtered by Bessel analog filters with cutoff frequencies of 200 Hz for photovoltage recordings, and 2000 Hz for junctional conductance measurements. Signals were digitized at 1-5 kHz. Response latencies introduced by analog filtering were corrected. Additional digital filtering of records shown in figures are as indicated in figure legends. Signals were corrected for electrode junction potential, series resistance, and membrane leak errors (van Rijen et al., 1998) .
Photoreceptors were stimulated with unpolarized, monochromatic (10 nm half-width) light. Stimulus intensity was calibrated before each experiment and was controlled by calibrated neutral density filters. Unless otherwise indicated, the wavelength of light was 500 nm and the flash duration 10 ms. R* (mean number of photoisomerizations per rod) was calculated as the product of the measured photon density and the rod collecting area. Based on the dimensions and photopigment density of guinea pig rods (Parry and Bowmaker, 2002; Yin et al., 2006) , and 0.67 quantal efficiency (Dartnell, 1972) , the collecting area was taken to be 1 m 2 for 500 nm wavelength. Tracer coupling. The tracer coupling of rods and cones in macaque retina was examined by including 12.4 mM Neurobiotin (Vector Laboratories) in the standard electrode solution, with a compensatory decrease in K-gluconate to 127 mM. The tracer diffused into photoreceptors while recording in whole-cell mode for 5-10 min.
Twenty to 90 min after tracer loading, the retina was placed in 4% paraformaldehyde in sodium phosphate buffer (PB) (0.1 M) for 45-60 min. The retina was then rinsed in PB and incubated overnight in a 1:200 dilution of cyanine 3-conjugated streptavidin (Jackson ImmunoResearch) and 0.3% Triton X-100 in PB. Finally, the retina was rinsed in PB and coverslipped with Vectashield (Vector Laboratories). Some retinas were subsequently reprocessed to label cones with peanut agglutinin. These retinas were rinsed in sodium PBS, and incubated overnight in a 1:50 dilution of fluorescein-conjugated peanut agglutinin (Vector Laboratories), 0.05% BSA, and 0.3% Triton X-100 in PBS. The retinas were then rinsed in PBS and re-coverslipped with Vectashield.
Cells were imaged with a Zeiss LSM 5 or LSM 700 confocal microscope. The extent of Neurobiotin spread between cells was not noticeably affected by variations in the time between Neurobiotin loading and fixation. Cells were counted as Neurobiotin-positive if their fluorescence intensity was at least 20% higher than peak background fluorescence, and the signal could be followed over a substantial portion of the cell's radial dimension. In practice, cell detection was straightforward as the cellular fluorescence signal usually exceeded background fluorescence by a factor of 10 or more.
Resistive network model. The pool of coupled rods was first modeled as a resistive circuit network (see Figs. 4 -6 ). Rods were modeled as a set of nodes aʦA, with each node having a membrane resistance to ground R a . Gap junctions were modeled as resistances R a3b ϭ R b3a between a subset of geometrically neighboring nodes a and b. Phototransduction was modeled as an independent current source i a at each photoreceptor node. The effects of membrane capacitance and voltage-activated conductances are considered below (see Complex impedance model).
For a purely resistive network, the voltage V a at any node a depends on i a , R a , and any net current flow from coupled neighbors:
where the gap junctional conductance G b3a ϵ 1/R b3a is taken to be zero for unconnected nodes. Equation 1 can be rearranged to:
where G a ϵ 1/R a . For the set of nodes A, Equation 2 defines a system of simultaneous linear equations in V:
with the conductance matrix S given by:
and m ϵ ͉A͉ the total number of nodes. The network voltages under any combination of current inputs can then be calculated using the resistance matrix ⍀ ϵ S Ϫ1 :
Solving for ⍀ given S is readily accomplished computationally for network sizes up to thousands of nodes. In the resistance matrix ⍀, each element v a͉b represents the current-voltage transfer ratio from b to a. This value gives the voltage generated at node a for a current of unitary amplitude injected at node b. Because S is symmetric, ⍀ is also necessarily symmetric so that v a͉b ϭ v b͉a . Thus, for any given pattern of network connectivity and set of membrane resistances and junctional resistances, the network inherently has the property that the voltage generated at a given a current injected at b is the same as the voltage generated at b given equivalent current injected at a.
For the rod networks modeled here, it was assumed that membrane and gap junctional resistances are uniform throughout the network, i.e., R a ϭ R m for all aʦA, and R a3b ϭ R b3a ϭ R j for all a and b that are directly coupled. In this case, it was useful to define, in addition to the current-voltage transfer ratio v a͉b , a voltage-voltage transfer ratio w a͉b , which is equal to the voltage generated at a by any current input at b, normalized by the voltage that would have been generated at b if b were uncoupled:
where w a͉b ϭ w b͉a . For uniform R m and R j , Equation 2 can be condensed to:
where ␤ ϵ R j /R m , B a is the set of all nodes directly connected to a, and ͉B a ͉ is the number of elements in the set. The connectivity of a network of m rods was captured by an m-by-m symmetric matrix C with ones for directly connected rod pairs, and zeros for all other pairs. Rods were not considered connected to themselves. A normalized conductance matrix S C was then calculated from:
where S C ϵ R j S, and D is an m-by-m diagonal matrix with the values on diagonal specified by (␤ ϩ ͉B a ͉). The answer matrix W gives values of the voltage-voltage transfer ratios w a͉b between all pairs of rods within the network:
Thus from the perspective of w, the behavior of the network depends only on ␤ and on the pattern of connectivity C between neighboring nodes.
To relate the network model to the measured variability in responses to dim flashes, the peak current associated with a single photoisomerization was defined as j and input current at each photoreceptor node was calculated as jX, where X, the number of photoisomerizations, was Poisson distributed with an average value given by R*. Over many iterations, the peak voltage at node a has expected value:
and variance:
The coupling metric N, determined experimentally by fluctuation analysis, was predicted by the network model from:
Thus, as with W, N depends only on ␤ and C. Tessier-Lavigne and Attwell (1988) derived a related quantity, N eff , defined as the network input resistance measured from node a, divided by the uncoupled membrane resistance R m . In the present analysis this quantity corresponds to 1/w a͉a . The precise relationship between N and N eff depends on the network connectivity, although both quantities increase with decreasing ␤ and greater connectivity. In the present analysis, any two rod networks with differing connectivities but identical N will have an identical signal-to-noise ratio (SNR), while in the TessierLavigne and Attwell (1988) analysis, rod networks with differing connectivity and identical N eff will generally have different SNRs.
Arbitrarily large geometric networks of cells were used as approximate representations of infinite networks. In practice, for a hexagonally connected network with ␤ ϭ 2.7 (see Results) and 4 concentric layers of cells (61 cells total), the calculated value of N did not increase significantly (Ͻ0.1%) with additional layers. In addition, equation 15 from the work by Lamb and Simon (1976) gives an analytic solution for the value w a͉a for an infinite square network. Modeling moderate sized finite square networks via the computational method described here closely approximated their results. For a square network with ␤ ϭ 2.7 and only 13 cells total, the difference between our numerically computed w a͉a for central node a and the value given by Lamb and Simon (1976) for an infinite network was Ͻ0.5%. This difference decreases further as the modeled finite network grows.
Complex impedance model. To account for frequency-dependent effects of membrane capacitance and voltage-activated conductances, Equation 1 can be rewritten in terms of the complex membrane impedance:
where the impedance Z a depends on the frequency f of the input, and V a and i a also become functions of frequency. We modeled rod voltage-activated conductances as an inductance L a in series with a shunt resistance R La (Detwiler et al., 1980; Demontis et al., 1999) . Placing the shunted inductance in parallel with the membrane resistance, and adding a parallel membrane capacitance C a , the rod membrane impedance is then given by:
where z ϭ 2 f ͌ Ϫ1.
To characterize the frequency dependence of the current-voltage transfer of the network, we rearranged Equation 13, as was done for Equations 1-4, to arrive at the complex admittance matrix, Y( f). Solving for the inverse of Y yields a function matrix, H( f), whose complex elements v a͉b (f) give the magnitude and phase of the current-voltage transfer between nodes a and b. The effects of network filtering on photoresponse as calculated from H were further confirmed using circuit simulation software (GnuCAP, http:// www.gnucap.org/), with large hexagonal netlist inputs created generatively via context-sensitive L-systems (Lindenmayer, 1968) .
Psychophysical threshold detection model. Psychophysical detection threshold was modeled as described previously (Hornstein et al., 2005) , but expanded to replace the simplified perfect coupling model with the electrical network model described above. Following the treatment of Baylor et al. (1979) , the probability distribution of response amplitudes in an isolated rod, p I (r), was modeled as Poisson distributed photon capture with single photon response peak amplitudes of ␣ Ϯ 1 (mean Ϯ SD), overlaid with Gaussian distributed dark noise (SD ϭ 0 ):
The parameters ␣ ϭ 1 mV, 1 ϭ 0.4 mV, and 0 ϭ 0.4 mV, were chosen according to the values estimated previously in primate rods (Hornstein et al., 2005) . To account for spontaneous thermal photopigment isomerizations, the value of R* in light and dark conditions was incremented by T i I D , where T i ϭ 0.4 s is the integration time of the rod (Hornstein et al., 2005) , and I D ϭ 0.0063 R*/s is the dark rate of isomerization (Baylor et al., 1984b) . Equation 15 describes the expected distribution of responses in an isolated rod, a. If a is coupled to its neighbors, the expected distribution of amplitudes in a due to phototransduction in b is:
The total response distribution in a is obtained by convolving p a͉b across every bʦ B a . Given that rods share signals, however, the response distributions across rods are not statistically independent of one another. Consequently, determining the voltage distribution for the output of the summed rod network based on the distributions from individual rods requires calculating the distribution of a sum of dependent random variables. For networks larger than a few rods, and given nonlinear synaptic output (see below), a numerical solution is computationally intractable. Therefore, the distributions of summed voltages for an entire coupled network were obtained via Monte Carlo simulation, as follows.
Voltages for rods within a coupled network were simulated by first generating photocurrent signals for each rod (Eq. 15), then linearly transferring signals between rods according to the network voltage-voltage transfer ratios, w. The resulting simulated rod voltages were then passed through two nonlinear stages representing the rod output synapse. The first stage was a cutoff nonlinearity that selectively attenuated lowamplitude noise while passing higher-amplitude signals (Field and Rieke, 2002) . The cutoff nonlinearity was optimized for discriminating between the dark condition and a diffuse light flash of intensity 0.001 R*. This intensity reflects the threshold of human detection (Sharpe, 1990) , defined here as the minimal flash intensity above which a human observer can correctly identify the flash versus no-flash presentation in Ն73% of trials. The cutoff was calculated by applying the expected rod response distributions in dark and light to equation 1 given by Field and Rieke (2002) , and fitting the result with a cumulative Gaussian distribution.
The second stage of the rod output synapse was a saturating nonlinearity, whereby the synaptic output was truncated for responses Ͼ2 mV (Robson and Frishman, 1995; Berntson et al., 2004) . At a flash intensity of 0.001 R* photon delivery is very sparse and hence the likelihood of amplitudes Ͼ2 mV in individual rods is very small. Consequently the effect of the saturating nonlinearity is negligible. However, for more concentrated spots of light delivered to a subregion of the entire detection pool, or for contrast detection against background illumination, the saturating nonlinearity can affect detection threshold (see Results).
Following the nonlinear transformations at the synapse, synaptic outputs were summed linearly across a pool of 10 4 rods to model input summation of the theoretical detector (Graham and Bartlett, 1939) . The voltage distribution of this detector was computed by convolution of the synaptic output distributions of each independent discrete pool of coupled rods. Convolutions were calculated via frequency space multiplication and verified by selective Monte Carlo simulation.
Psychophysical detection was modeled as a two alternative forced choice task: a subject presented with two epochs, one with a flash and one without, must identify which epoch contained the flash. This task was modeled by calculating the expected amplitude distribution of the detector for the flash epoch, p F (r), and for the dark epoch, p D (r). Assuming that on each trial the subject identifies the epoch with the larger amplitude as the flash epoch, the fraction of trials in which the subject identifies the flash epoch correctly, F C , is given by:
Detection threshold was defined as the total number of photoisomerizations in the detection pool at which F C ϭ 0.73. The amplitude distributions of the detector were also used to calculate the effects of coupling on signal detection in the presence of a background light. The calculations were based on the increment threshold data measured in a human rod monochromat (Sharpe et al., 1992) . We assumed that 1 scotopic troland evokes 8.5 R*/s (Kraft et al., 1993) . The amplitude distributions were adjusted to include the additional photoisomerizations evoked by the background. For a background of intensity I B , the mean number of additional photoisomerizations was taken as T i I B . The effective number of photoisomerizations evoked by the 200 ms test flash of intensity I F was taken as T F I F , where T F was calculated from the integral of the convolution of the normalized flash response r(t) with the time course of the 200 ms flash s(t):
where
t p is the time to the peak of the response, and K ϭ (e/t p ) n . For monkey rods, n ϭ 2 and t p ϭ 220 ms (Hornstein et al., 2005) . The SNR was taken as the mean of p F (r) minus the mean of p D (r), divided by the SD of p F (r).
Results

Spectral sensitivity of guinea pig rods
Dark-adapted guinea pig rods were targeted for electrical recording based on their smaller inner segment diameters relative to cones (Yin et al., 2006) . Rod identification was further confirmed by measuring spectral sensitivity in 9 cells (Fig. 1) . Sensitivity at 430, 500, 570, and 660 nm was calculated as the inverse of the intensity evoking a half-saturating response. The mean spectral sensitivities were fit with a standard photopigment nomogram (Baylor et al., 1987) , with corrections for photopigment selfscreening calculated from reported transverse optical density (Parry and Bowmaker, 2002) and rod dimensions (Yin et al., 2006) . The best-fit nomogram for the average spectral sensitivity function peaked at 496 nm, in agreement with previous estimates from microspectrophotometry (Jacobs and Deegan, 1994) and from electrical recordings in downstream retinal neurons (Yin et al., 2006) .
Fluctuation analysis
Electrical coupling reduces variability in response amplitudes by averaging the membrane potential across neighboring rods (Fain, 1975; Hornstein et al., 2005) . To study the effects of coupling on response variability we recorded rod voltage in perforated patch mode and measured responses to brief, full-field flashes at a series of intensities evoking ϳ1-6 R* (mean number of photoisomerizations per rod). The large response variability in some rods indicated weak or no coupling (Fig. 2 A) , while the small variability in other rods was consistent with strong coupling (Fig. 2 B) .
To quantify the signal averaging effect of coupling, we computed the ensemble mean and variance for 50 -100 repetitions at each flash intensity (Fig. 2C,E) . Both the peak amplitude of the mean () and peak amplitude of the variance ( 2 ) were proportional to R* (Fig. 2 D, F ) , as expected if photon responses summed linearly and amplitude variability was dominated by quantal fluctuations in the number of photoisomerizations. The average single photon response amplitude, calculated from the value of at R* ϭ 1, was 0.61 Ϯ 0.16 mV (mean Ϯ SD, 14 rods). The waveform of the photon response could be described by Equation 19 with n ϭ 3 and t p ϭ 180 ms.
Response variability depends on the number of rods coupled, as well as on the ratio of gap junctional conductance to rod membrane conductance. As a metric to quantify the degree of coupling we calculated N, the number of "perfectly" coupled rods (G j ϭ ϱ) that would lower response variability to the observed value. N was calculated from the mean and variance via: N ϭ k 1 2 /k 2 , where k 1 ϭ /R* and k 2 ϭ 2 /R*. For uncoupled rods (N ϭ 1), k 1 2 ϭ k 2 . The values for k 1 and k 2 were obtained from the slopes of the lines passing through the origin that best fit the functions versus R* and 2 versus R* (Fig. 2 D, F ). The measured variability in some rods (Fig. 2 A and E in D, F ) was consistent with the absence of electrical coupling (k 1 2 Ϸ k 2 ), while in other rods (Fig. 2 B and ƒ in D, F ) , the observed reduction in variability (k 1 2 Ͼ Ͼ k 2 ) was consistent with signal averaging within a coupled network. In 14 rods, the coupling metric N ranged from 0.7 to 11.6, averaging 4.8 Ϯ 4.5 (Fig. 2G) .
Tracer coupling
We determined the number of rods physically coupled to one another by recording from individual rods with whole-cell electrodes containing the tracer Neurobiotin and counting the rods subsequently labeled. Occasionally tracer pools also contained cones, as identified by peanut agglutinin binding and by the absence of a narrowing of the cell diameter between the inner segment and cell body (data not shown). Of 37 rod injections, only 5 showed tracer coupling to cones, and these pools were not included in the subsequent analysis. Of the remaining 32 rod injections, 8 (25%) showed no tracer coupling (Fig. 3A) while 24 (75%) were coupled to one or more neighboring rods (Fig. 3B) . The total number of rods in a tracercoupled pool ranged from 1 to 21, averaging 4.0 Ϯ 4.7 (Fig. 3C ). Many rod pairs had multiple apparent sites of contact, including rod spherules, axons, cell bodies, and inner segments. Some rods appeared to be laterally separated by several micrometers from all the other rods in the pool at one plane within the photoreceptor layer (Fig. 3B ), but were found to be in close apposition at a different plane. For most injections the labeling was restricted to a small clearly demarcated cluster of rods. However, in 2 injections labeling intensity decreased with distance from the injected rod until it was no longer detectable. Thus while rods generally appeared to be coupled in discrete pools, a continuous network of rods could not be ruled out in some instances.
Gap junctional conductance
To measure gap junctional conductance, we made whole-cell voltage-clamp recordings from pairs of neighboring rods. While holding one rod at a constant voltage, changes in that rod's membrane current were measured in response to voltage pulses applied to one of its neighbors (Fig. 4 A) . Changes in membrane currents were linear with voltage (Fig. 4 B) , reflecting the ohmic behavior of the gap junctions for brief voltage pulses. The slope of the current-voltage relationship gives the junctional conductance G j . As expected for junctions between homologous cell types, conductance was symmetric; G j was independent of which rod in the pair was the driver and which the follower.
Not all rod pairs showed measurable coupling conductances; in 11 of 22 paired rod recordings G j was below the resolvable limit given measurement noise. The remaining 11 rod pairs had junctional conductances ranging from 195 to 580 pS, with an average of 386 Ϯ 112 pS (Fig. 4C) .
This estimate of G j assumed that the only current path between rods was via a gap junction directly between the recorded rods. However, current could also flow via indirect paths through intervening mutually coupled rods and thus increase the apparent junctional conductance. For a pair of recorded rods connected directly to one another and also connected indirectly via one intervening rod (Fig. 4 D) the fraction of the total measured current due to the indirect path would be (3 ϩ ␤)
Ϫ1 (see Materials and Methods). In guinea pig, with ␤ ϭ 2.7 (see Guinea pig rod network model), the indirect current would be 18% of the measured current. For a pair of coupled rods that are also connected via two indirect paths (Fig. 4 E) , the proportion of indirect current would increase to (2 ϩ ␤/2) Ϫ1 , or 30% of the measured current. If we assume hexagonal rod packing (Fig. 5A) , there can be at most two such indirect paths with single intervening rods (Fig. 4 F) . In an infinite fully connected hexagonal network, there are an infinite number of indirect current paths with varying numbers of intervening rods. However, the proliferation of current paths to ground makes each indirect path more leaky such that the overall proportion of indirect current is never greater than (2 ϩ ␤/2) Ϫ1 . In practice, given the modest connectivity observed in tracer-coupling pools, the fraction of indirect current is expected to be small for most of the pairs from which we recorded. Rods may also be connected via intervening cones. However, the rod-evoked light responses recorded in dark-adapted cones in primate retina (Hornstein et al., 2005) and guinea pig retina (data not shown) are an order of magnitude smaller than those measured directly in rods. Consequently, network analysis indicates that any signaling from rod to rod via intervening cones is negligible.
Given that our recording electrodes were on the rod inner segments while gap junctions between rods are reported as far away as the rod synaptic spherule (Raviola and Gilula, 1973; Tsukamoto et al., 2001) , the electrotonic distance between the inner segment and spherule might reduce the apparent junctional conductance. Smith et al. (1986) estimated ϳ15% voltage loss across the axon connecting the inner segment and spherule in cat rods. Adjusting for species differences in axon diameter and length, we calculate the voltage loss in guinea pig rods to be ϳ12%. Hence junctional conductance estimates could be underestimated by as much as 24%. However, to the extent that gap junctions are present between rod inner segments (Uga et al., 1970; Cohen, 1989) , the electrotonic distance errors in G j could be negligible. Overall, errors in the estimated junctional conductance due to incomplete space clamping or indirect current flow between rod pairs are expected to be small and opposing.
Guinea pig rod network model
A resistive circuit model of the rod network was constructed to consolidate the measurements of fluctuation analysis, junctional conductance, and tracer coupling, and to enable further psychophysical modeling. For the purposes of modeling, rod-cone coupling was ignored under the assumption that it would contribute negligibly to rod network behavior.
A roughly hexagonal packing pattern of rods was observed in the inner and outer segment layers (Fig. 5A) . Since gapjunctional coupling requires close membrane apposition, and rods do not send processes to distant targets (Raviola and Gilula, 1973; Kolb, 1977) , the model assumed that each rod could make direct gap junctional connections with at most six nearest neighbors. Rods were modeled as nodes with membrane resistances to ground (R m ) and current sources representing phototransduction. Some nodes were connected laterally through junctional resistances (R j ) to represent coupling (Fig. 5B) .
The model assumed a value for R m of 1.5 G⍀ based on the instantaneous input resistances measured in our whole-cell recordings. Since input resistance is reduced by rod coupling, R m was based on our highest measured input resistances. For comparison, R m was estimated as 2.5 G⍀ for guinea pig rods in bright light (Demontis et al., 1999) . It was assumed that the average measured G j of 386 pS was slightly overestimated due to indirect coupling through other rods (Fig. 4 D-F ) . Hence the assumed value of R j , where R j ϭ 1/G j , was rounded up to 3 G⍀.
For a resistive network of a given connectivity, the signal averaging behavior of the network depends only on the ratio ␤ ϭ R j /R m . For guinea pig, with the resistances determined above, ␤ ϭ 2. Equations 9 and 12 were used to calculate signal transfer ratios and to predict the degree of signal averaging as quantified by N. For an infinite network of coupled rods with full hexagonal connectivity, the model predicts a value of N ϭ 9.1. By restricting the connectivity of the model to just two surrounding layers of rods (19 rods total), the predicted N for the central rod was reduced by only 10%. Thus, with ␤ ϭ 2, signal averaging is effectively restricted to only the first few layers of surrounding neighbors, even for an infinite pool of connected rods.
Effects of capacitance on guinea pig rod network model
The inclusion of membrane capacitance into the network model had a negligible effect. In whole-cell recordings, rod membrane capacitance ranged from 5 to 10 pF (data not shown). Taking C a ϭ C m ϭ 10 pF for all a, and assuming R m ϭ 1.5 G⍀ and R j ϭ 3 G⍀, we calculated the transfer matrix H for f ϭ 0 -10 kHz. While capacitative filtering is expected to draw out the response time course and hence reduce the peak amplitude of the voltage responses in coupled cells, the magnitude of this effect was found to be negligible, reducing the peak amplitude of the signal transfer by Ͻ0.5%. Capacitance altered the times to the peak of the response in coupled cells as well, but this effect was also negligible.
Effects of voltage-activated conductances on guinea pig rod network model
Light-evoked hyperpolarization in guinea pig rods evokes changes in voltage-dependent conductances, resulting in membrane depolarization (Demontis et al., 1999) . These conductance changes are expected to reduce the spread of photon signals within the rod network in a frequency-dependent manner (Detwiler et al., 1980) . For small perturbations in membrane potential, this effect can be modeled by adding a shunted inductance in parallel with R m (Fig. 5C) (Detwiler et al., 1980) . In turtle and guinea pig rods recorded at room temperature (Detwiler et al., 1980; Demontis et al., 1999 ) the observed changes in membrane potential evoked by injecting small steps in current were consistent with an equivalent inductance L of 1-2 GH in series with a shunting resistance R L of 0.6 -4.0 G⍀. The voltage transfer was thus band-passed (Eq. 14), with a peak at ϳ1-2.5 Hz.
At mammalian body temperature however, we expect faster channel activation and a shift in the band-pass of signal transfer to higher frequencies (Demontis et al., 1999) . We measured these effects in 8 guinea pig rods recorded at 35°C by applying a Ϫ1 mV voltage pulse from a holding potential of Ϫ50 mV, or by injecting a 1 pA hyperpolarizing current pulse (Fig. 5D) . We observed voltage-activated conductances consistent with a modeled inductance of ϳ250 MH in series with a shunt resistance of ϳ2.5 G⍀. The voltage transfer under these conditions peaks at ϳ8 Hz, significantly faster than the dynamics of the guinea pig photocurrent, which has 95% of its power below 5 Hz. Consequently the voltage-activated conductances quickly counteract the rod photoresponse, reducing rod-rod transfer by an additional 15% compared with the transfer in a purely resistive network. This reduction in signal transfer is equivalent to an increase in ␤ from 2 to ϳ2.7.
The filtering of the network is computed to have only a small effect on the time course of transferred signals, reducing the timeto-peak of the photovoltage in the neighboring cell by ϳ3%, and reducing the integration time by ϳ7%. While the effects on time course accumulate as the signal gets transferred from one rod to the next, the cumulative effect is small because signal spread is effectively restricted to only the first two layers of surrounding neighbors. As was shown above for the purely resistive network, by restricting the connectivity of the hexagonal model to just two surrounding layers of rods, the predicted N for the central rod was reduced by only 5% compared with that of an infinite hexagonal network. Thus, with ␤ ϭ 2.7, the temporal changes across the network are modest. These results were confirmed using a circuit simulator.
Taking voltage-activated conductances into account reduces the calculated value of N expected in a fully connected hexagonal network by 25%, from 9.1 to 6.8. This is the maximal expected value; with less than full connectivity (Fig. 5B) , N would be Ͻ6.8. However, the values of N derived experimentally from responses to dim flashes (Fig. 2G ) were observed to be as large as 11.6, suggesting that at least in some cases the coupling conductance or connectivity might be greater than that modeled here, or else that the counteracting effects of voltage-activated conductances were less. Although the packing of inner segments is roughly hexagonal (Fig.  5A) , rods typically also have points of contact with additional neighbors in the nuclear layer (Hornstein et al., 2005, their Fig. 9B,C) . Changing the hexagonal connectivity model to a square model in which each rod contacts 8 neighbors increases the calculated N from 6.8 to 9.9 for ␤ ϭ 2.7. The discrepancy between the maximal modeled versus observed values may further reflect the difficulty of precisely estimating N from fluctuation measurements when N is large and the amplitude of the light-evoked variance is small compared with the baseline fluctuations in variance.
Note that while the predicted value of N is highly sensitive to the value assumed for ␤, the signal transfer ratio w is only ϳ60% as sensitive, and the psychophysical effects considered below are even less sensitive.
Primate rod network model
In macaque monkey, rods form tracer-coupled pools of 1-10 rods and exhibit signal averaging of N ϭ 1-5.9 (Hornstein et al., 2005) . Although junctional conductances have not been measured directly in primate rods, we asked whether an R j of 3 G⍀ as measured in guinea pig would be consistent with the tracer coupling and signal averaging found in primate. Taking R m ϭ 1.2 G⍀ in primate rods (Schneeweis and Schnapf, 1995) and R j ϭ 3 G⍀ gives ␤ ϭ 2.5.
Assuming from the tracer coupling data a maximal pool size of 10 rods, a hexagonal network was constructed with 1 central rod connected directly to an inner layer of 6 rods, and indirectly to 3 additional rods in a second layer. The predicted N ϭ 5.6 was close to the maximum value of N ϭ 5.9 measured in primate rod recordings. Thus the tracer coupling and signal averaging observed in primate rods are consistent with a model in which each rod connects to between zero and six neighbors with a junctional resistance of 3 G⍀.
Because the value of R m ϭ 1.2 G⍀ in primate rods was derived by taking the ratio of the peak photon response amplitude of the photovoltage to the photocurrent (Schneeweis and Schnapf, 1995) , any effects of voltage-dependent conductances on ␤ were already accounted for. To ascertain whether voltage-dependent conductances play a role in shaping photon responses in primate, we measured membrane current in response to Ϫ1 mV pulses in 6 rods in macaque monkey at 35°C (Fig. 6 A) . Results were very similar to those in guinea pig except that the peak frequency was shifted to 6 Hz. Changes in the response kinetics were calculated to be small, reducing the time-to-peak in the neighboring rod relative to the central rod by ϳ8%, and reducing the integration time by ϳ6%. These temporal effects were ignored in the modeling described below.
Previous modeling of the effect of rod coupling on signal detection in primates (Hornstein et al., 2005) was based on fluctuation analysis and the simplifying assumption of perfect coupling between connected rods. Since the average N calculated from fluctuation analysis was 2.3 rods, the model had assumed a net-work consisting of pairs of rods coupled via R j ϭ 0 (i.e., N ϭ 2, Fig. 6 B) . Here we enhanced the model by replacing perfect coupling with the more realistic junctional resistance of 3 G⍀. While the pattern of rod connectivity was found to be quite variable, for simplicity we assumed a uniform pattern of coupled rods whose network properties reflected the average behavior measured experimentally. Assuming a repeated arrangement of four rods linked in a ring (Fig. 6C ) with ␤ ϭ 2.5, the model predicts N ϭ 2.3, precisely the average value found experimentally in primate. Compared with the previous two-rod model, the four-rod resistive network is also a better match for the primate tracer data, where the average tracer-coupled pool size was 3.4 rods.
Human psychophysical model
Our rod-rod coupling measurements were incorporated into a psychophysical model to evaluate how coupling affects visual performance. For a given intensity and spatial pattern of retinal illumination, this model computed (1) the Poisson statistics of photon capture and resulting phototransduction in individual rods, (2) the spread of signal and noise across the rod network for a given coupling connectivity, (3) the signal and noise in rodbipolar cells after accounting for nonlinearities at the rod output synapse, and (4) psychophysical detection performance, assuming that detection depends on dark/light comparison by a detector stage that linearly sums the output of bipolar cells, with input from a total of 10,000 rods (see Materials and Methods).
We found that a uniformly illuminated pool of 10,000 uncoupled rods yields a detection threshold of 9.7 photoisomerizations over the entire pool, closely matching earlier modeling (Hornstein et al., 2005) and the psychophysically measured threshold of 10 photoisomerizations (Sharpe, 1990) . Under the perfect coupling assumption, where the detection pool was divided into 5000 pairs of coupled rods with R j ϭ 0 (Fig. 6 B) , detection threshold increased by 62% (Hornstein et al., 2005) . This elevation in threshold can be attributed to less effective noise filtering at the rod-bipolar cell synapse of coupled rods (Field and Rieke, 2002) . However, assuming instead a detection pool divided into 2500 discrete four-rod networks with realistic junctional resistance (Fig. 6C) , the detection threshold for uniform illumination is calculated to be 11.0 photoisomerizations, just 13% greater than the threshold for uncoupled rods. Thus although the perfect and resistive coupling models were set to have equivalent SNRs within their respective rod pools (i.e., N Ϸ 2), the resistive model performed significantly better in the psychophysical detection task. Replacing perfect coupling with realistic physiological junctional resistances mitigates most of coupling's putative detrimental effects by allowing the noise filtering nonlinearity of the rod synapse to function more effectively.
As the diameter of the model stimulus decreases so as to illuminate less than the full 10,000 rods in the detector pool, performance improves for resistively coupled networks relative to the uncoupled network (Fig. 7A) . This improvement reflects the benefit of rod coupling in mitigating synaptic saturation as stimulus size decreases and photon density increases. For stimulus diameters Ͻ 0.11°, performance of the coupled network surpasses the performance of the uncoupled network. The smallest retinal image practically achievable, i.e., the retinal image resulting from a point source of light, is limited by the optics of the eye. This point-spread function, which varies with pupil size, was calculated as the Fourier transform of the modulation transfer function of the human eye (Artal and Navarro, 1994; Guirao et al., 1999) . The transform is valid at the large pupil diameters (6 -8 mm) typical for dark-adapted eyes (Spring and Stiles, 1948) . For computational tractability, the light intensity was set to zero when the number of photons delivered per rod dropped to Ͻ0.05% of the total number of photons in the stimulus. For a 6 mm pupil diameter, the calculated detection threshold for a point source was found to be 30% lower in the coupled rod network compared with uncoupled rods; for an 8 mm pupil it was 17% lower (Fig. 7A, arrows) . Thus at absolute threshold, electrical coupling is expected to have beneficial effects for detection of small stimuli, offsetting the modest detrimental effects expected for large stimuli.
The extension of the dynamic range of the rod to rod bipolar synapse due to coupling is also expected to be beneficial for contrast detection against background illumination. As background intensity increases, the intensity of a just detectable test flash also increases, resulting in increasing synaptic saturation. Using the psychophysically derived incremental threshold data from a human rod monochromat (Sharpe et al., 1992) , we calculated the SNR at the detector for stimuli that uniformly illuminated the detection pool (Fig. 7B) . The calculation was limited to backgrounds Ͻ 3 R*/s, the range over which rods and rod bipolar cells maintain their dark sensitivity (Baylor et al., 1984b; Kraft et al., 1993; Dunn et al., 2006) . The SNR of the coupled network surpassed that of the uncoupled network at background light intensities Ͼ0.17 R*/s, and exceeded it by 14% at the highest light levels modeled. Thus the benefits of coupling on incremental sensitivity also roughly balance the detrimental effects for detection at absolute threshold.
Discussion
Strength of rod coupling
We report here the first measurements of rod-rod junctional conductance in mammals. Our network model demonstrates that this conductance is roughly consistent with the signal averaging observed in guinea pigs as well as that in primates (Hornstein et al., 2005) , suggesting that a conductance of this order could be a general feature of mammalian retinas.
The conductance of ϳ350 pS between guinea pig rods is at the low end of reported gap junction conductances. For comparison, guinea pig cardiac cells, whose strong coupling is critical for synchronization of heart rhythms, can have junctional conductances approaching 4 S (Kameyama, 1983), 4 orders of magnitude greater than reported here. With ␤ Ϸ 0.1, A B C Figure 6 . Primate rod network model. A, Average change in membrane current in a macaque rod in response to a pulse in holding potential from Ϫ50 mV to Ϫ51 mV. The response of an isolated rod is expected to decay exponentially; from the best-fitting exponential function (smooth curve) the calculated model parameters were R m ϭ 1.67 G⍀, R L ϭ 1.15 G⍀, and L ϭ 101 MH. Average of 100 responses. Timing of the 300 ms voltage pulse indicated by the bar below the current trace. Capacitive transients were reduced by filtering; bandwidth, DC-100 Hz. B, Schematic of the two-rod network with perfect coupling (Hornstein et al., 2005) . Voltage transfer ratios relative to rod 1 are w 1͉1 ϭ w 1͉2 ϭ 0.5. C, Schematic of the four-rod network used in psychophysical modeling; voltage transfer ratios relative to rod 1 are w 1͉1 ϭ 0.624, w 1͉2 ϭ 0.154, w 1͉3 ϭ 0.154, w 1͉4 ϭ 0.068.
modest detriment to visual performance at absolute threshold. Previously it has been proposed (Smith et al., 1986 ) that under scotopic conditions mammalian rods must decouple to avoid the detrimental impacts of coupling on absolute detection threshold. The current results show that with a realistic junctional conductance the detriment to absolute detection threshold is only modest, while for detection of small stimuli coupling can instead be beneficial. Lateral coupling among roughly homogeneous networks of neurons, as demonstrated here for the mammalian rod system, is a common feature of neural circuitry (Hormuzdi et al., 2004; Söhl et al., 2005) . The ultimate task of the rod system is to detect sparse signals among a convergent network of noisy sensors. An important insight is that, because rod signals converge downstream, the critical effect of coupling is not the observed signal averaging within the rod network itself, but rather the interaction between coupling and the synaptic nonlinearities that lie between the rod network and downstream convergence. The trade-off between less reliable encoding of weak signals and the relief of saturation at higher levels of activation may be a more general feature of coupling in neural circuits.
